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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the Government, nor any person acting on behalf of the Government:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the information con-
tained in this report, or thatthe use of any information, apparatus, method, or
process disclosed in this report may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages re-
sulting from the use of any information, apparatus, or process disclosed in
this report,

As used in the above, "personacting on behalf of the Government" includes
any employee or contractor of the Government, or employee of such contractor,
to the extent that such employee or contractor of the Government, or employee
of suchcontractor prepares, disseminates, or provides access to, any informa-
tion pursuant to his employment or contract with the Government, or his em-
ployment with such contractor.
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1.0 INTRODUCTION

It is generally accepted, and rightly so, that the advent of
nuclear reactors has caused the writing of a completely new chapter
in the textbooks of materlial technology. Not only have new theories
of materials been evolved, new handling and fabrication procedures
Innovated but more lmportantly, and we might say to our own dismay,
new conditions of restraint have been placed on material applica-
tion. It 1ls almost as though we have been deprived of one degree
of freedom in our former and more conventional design and applica-
tion philosophies. As a matter of fact, some dedicated materials
technologists might express the oplnion that in this new nuclear
rhase of our technology we have been deprived of almost all degrees
of freedom. This latter comment is more facetious than factful for
vwe have all personslly witnessed the successful applicatlion of
nuclear energy to power reactors as well as propulsion reactors.
However, this is not to mitigate in any way the pertinency of the
above comments but 1s more to reflect credit on the ingerulty of

In limiting thls lecture to a{discussion of nuclear propulsion
systems for space application,éit‘might appear that this restric-
tion in itself might lessen the technical complexity of the assign-
ment. Iet me assure you, however, that this 1s not the case. What
1t does do i3 elliminate many materials, and I mlight say many
currently operable nuclear systems, from our consideration and
causes us to focus our attention on a narrower range of materlals
and concepts. Whether or not this lessens the complexity of ou
objective 1s a moot point. '

As another word of introduction I think it is well to empha-
size that this discusslon today ofimateriesls for nuclear propulslon
systems in space |should not convey the lmpresslion that these are‘;é%Zf%ES
the only problems facing the materials englneer. Many problems
of equal technlcal importance both precede and follow the con-
siderations which form the subject matter of this lecture. Such
Problems as nuclear fuel production and fabrication, alloy develop-
ment, fuel recovery and reprocessing and material property evalua-~
tlon, to mention only a few, are all facets of nuclear materials
technology and are just as necessary to the success of our nuclear
space program as our chosen subject matter. However, limitation
of time precludes the assignment of equal consideration to all of
these categories and it will suffice for the moment to merely
acknowledge thelr existence.

The condltion of restralnt referred to above 1s obviously a
nuclear one and requires that considerations of radiation damage
and neutron conservatlion be included in our evaluatlons of materials
for possible reactor application. Both factors must be given early
consideration in a program of materlal selection, for reactor
reliability as well as reactor performence efficiency are deter-
mined to a great extent by these concepts.
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Ideally it 1s possible t tdentify a sequernce of conslderations
3 red to in the selection of materials for nuclear ‘
a

propulslion reactcrs

ctually this same 1list could spply to all
nuclear resciors). Such a 11

st would be as Tollows:

1. HNuclear Congiderstions - Lo determine if materlials
heve propar nuclear propsriles.

2. Temperature Considerations - to deterwmine 1f
materials have proper opsrating temperature capabl- )
lities. .

%3, Chemical Considerstions - to determine if masterisls

Py
o
have required chemical stability, compatlibiliity, etc.
I, WMechanlcal Consideraticns - 1o determine If
materials have required strength.

5. Thermal Conslderations - 1O detsrmine 1f materials
have required thermal conductivity, thsrmal expan-
gion, etc.

6. Fabricaticn Consideraticns - to determine 17
maberials can be fabricsted in desired confligurs-

tlons,

The inclusicn of the above categories in this discussion is not
meant to lmply that the selection of materials follows sn orderly
sequence of events. Such 1s anot the case. As & matter of fact, it
cannct even bte assumed that the outcome of guch an analysis wculd
yleld one and cnly one maberial which would be perfect in every way
for a given application. This list merely serves Lo delineate the
numerous factors which must be considered in such materlal selec-

ion. Expsrience has shown that many compromises must be mede iu
this process and the finsl choice, wnile 1t wmight be a perfectly
satisfactory msterial, might not possess the propsriles we criginally
hoped %¢ achieve st the shtart of the material seisction process.
In summation then it cen be ssid that while we can specify qulte
explicltly the properties ve desire in a materizl, it might be
impossible to identify a single material possessing all these
features and characteristics. The final selectlon then must be
made after a proper welghting cf all the involved fectors. A
further complicatlion is represented by the fact that & glven
material might be idsal for a given applicatlon i1 a certalin
environment (ccclant) and yet be completely unsatisfactory for .
operation at the same conditlions in a different envirommsat.

rations i3 best illus- .

1

D

The appllicasticn of the above consid t
trated by congidsring spscifiz instances of material selection for
the various comgonents of & reactor. Such components are normally
subdivided as follows: fuel elements, moderators and reflectors,
controls, shields, and finally structural componenis. DBased on
this clagaification, a discussicn of the factors pertinsnt to
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material selection in each of these areas will aid in identifying
the major problems confronting any material selection program. In
each category of the discussion the purpose of each component will

be reviewed, for it will be seen that this specific function exerts
a major influence on material selection.

Refore proceeding to a dilscussion of the individual reactor
components, it might be well to review the schematic diagram of a
typlcal nuclear reactor shown in Figure 1. Briefly, the neutrons
produced by flsslon of the nuclear fuel in the fuel elements must
be moderated (slowed down) to allow them to be captured or absorbed
by other fuel atoms to propagate the fission reaction. The heat
released in this fission reaction is transferred to the coolant
flowing through the reactor core. The reflector functions to con-
serve neutrons and 1ln effect reflects many neutrons back into the
core which would otherwise escape. The shield offers protection
to components and personnel outslide the reactor core by decreasing
the levels of nuclear radiation (neutrons, alpha, beta, and gamma
rays) which penetrate the core. The outer structure provides for
contalinment and support.

2.0 FUEL ELEMENTS

The fuel elements are the power producers of the nuclear
reactor and it 1s these components which are responsible for the
exlstence of all the other reactor components. For example, if
these reactors were self-controlling, there would be no need for
control materials and 1f they were self-moderating or required
no moderation there would be no need for moderators. In view
of this important role of the fuel element, it requires very
specilal consideration if very speclal performance is to be
achleved. Furthermore, since the operating temperature of the
fuel element is higher than 1n any other part of the reactor,
the selection of these materials 1s correspondingly more com-
plex.

In genersl the term, fuel element, applies to an integral
structure containing the nuclear fuel itself, any matrix material
in which the fuel might be dispersed, and any cladding material
which might be employed for corrosion resistance and retention
of fission products, such a structure employing all three
of these aspects '%ﬁrequire three different materials,
the material selection procedures are necessarily compounded.
Further since these individual materlals must possess different

properties, 1t willl serve a useful purpose if we discuss each
segment of this structure separately.
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Fig. 1 —Schematic of typical nuclear reactor




2.1 Fuel Material

The basic nuclear fuel materlals are U233, U235 and Pu239
which might at first lead one to believe that the selection of
the fuel material would be relatively straightforward. However,
this 1s unfortunately not the case, for these specles need not be
used 1in their atomlic form, but may be used just as conveniently
and usually more conveniently in alloy or compound forms. The
ability to employ fuels as uranium compounds with other elements
injects an extensive latitude into our material selection pro-
cedures, for the number of possible combinations is qulte large.
A list of some of the current uranium compounds (in this dis-
cussion we will confine our remarks to solid fuel materials) now
under consideration is shown in Table 1. The advantage afforded
by these materials in melting point alone is evident when we
consider that the melting point of uranium metal is about 1130°C.
Since the melting points shown in Table 1 are all essentlally
the same, the selection of the material to be used in a given
application 1s dictated to a great extent by conslderatlions of
compatibllity of the fuel material with the matrix and clad
materlals.

2.2 Matrix Material

Whlle it 1s possible to form a fuel element by capsulating
any of the fuel compounds given in Table 1 in a suiltable con-
talner or cladding, this 1s seldom 1if ever an acceptable struc-
ture for power reactors of the type under consideration. In
almost every instance it is desirable, and in many cases lmpera-
tive, that the fuel compound be dispersed in some matrix materlal.
For example, in the case of UO2 the thermal conductivity of thils
material is so low that the generation of high power density
would lead to such extremely high temperature gradients within
the material that melting might be encountered at the mid-plane
of the matrix. It becomes necessary in such cases tc dlsperse
this material in a continuous matrix of a higher thermsl con-
ductivity material to enhance the heat transfer characteristics.
In additlon to thermal conductivity, such consideratlions as low
strength, brittleness and perhaps poor thermal shock resilstance
may also suggest such measures. These dispersion type fuel
elements are quite common, and reference is made to the well-
known stalnless steel-UOo dispersion type and the Nichrome-UOp
type originally prepared for use in the Alrcraft Nuclear Pro-
pulsion Program. .

Because of the intimate admixture of fuel and matrix
material and the small particle size of the fuel, the tempera-
tures attained in these materials will be essentially identical.
For this reason it 1s important to select matrix materials with
temperature stability limits at least equal to those of the
fuel. A review of the melting points of various materlals is
a good starting point for such considerations. The melting
points for various materisls are shown in Figures 2, 3, 4 and 5.
Note thet the highest melting points are exhibited by graphlte,
certain refractory metal carbides, and by tungsten and rhenium.




TABLE 1

PHYSICAL PROFERTIES OF SOME TYPICAL URANIUM COMPOUNDS

Uranium Melting

Density, Density, Point,

Compound g/cm® g/cm® O¢

U0s 10.97 10.5 2800
uc 13.63 12.97 2400
UN 14.32 13.52 2885
UBo 12.82 11.7 2440
UB4 9.3 7.9 > 2550
UC» 11.68 10.61 2400

Us 10.87 G.6 2460
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Another informative compllation is shown in Table 2 in which
various chemical elements are arranged in order of increasing
thermal neutron capture cross-sections. Obviously for reactors
(thermal) in which non-fissioning neutron capture is to be mini-
mized, those materials with the higher capture cross-sections
are to be avolded despite their high melting points (tungsten,
tantalum and rhenium, for example).

Although melting point and nuclear cross-section are obvious
factors in the selection of proper matrix materials for thermal
reactors (cross-section can be relaxed considerably in fast
reactor application), wmaterial compatibility, thermal conduc-
tivity, strength, fabricablllty and resistance to radiation
damage are also lmportant characteristics.

2.3 C(Cladding

Fuel element cladding 1s usually used to provide protection
for the fuel and matrix material from corrosive attack by the
reactor coolant and to contain fission products within the fuel
element. It may also be employed to impart the required strength
to the fuel element assembly. In view of these three additlonal
features, the factors to be employed for selecting cladding
material will differ to some extent from those which apply to the
fuel and matrix materials. The operating temperature of the
cladding will closely approach that of the enclosed fuel and
matrix, and hence the melting polnt considerations mentioned above
will apply. Also the nuclear cross-sectlon concept will be lmpor-
tant since the cladding is so intimately associated with the fuel.
A close match of the thermsl expansion of the matrix and cladding
1s an additional consideration.

It 1is possible that the cladding material will be the same as
the matrix material as was the case in the Alrcraft Nuclear Pro-
pulsion Program, Nichrome matrix material - Nichrome clad fuel
elements. In this same program the proposed ceramic fuel elements
contained UOp dispersed in BeO and clad wlth Algo; or other oxides
to provide the necessary protection for the BeQ wlth respect to
moisture hydrolysis. In this latter instance the matrix material
was actually the moderator, a technlque which,when 1t can be
employed, results in reduced reactor size. It 1s also worth
noting that this concept forms the distinction between homogeneous
and h~terogeneous reactors; for when fuel and moderator are
Intimetely mixed the term homogeneous applies, whereas when the
fue. clements and moderator represent separate components, the
construction is heterogeneous.

Following our discussion of the three segments of a fuel
element, we can now apprecliate the factors to be considered in
selecting materials for fuel element appllcation. A good fuel
element must :

1) have a small affinity for capture of neutrons (of
~less lmportance when conslidering fast reactors

2
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2) have the required mechanical strength to withstand
the imposed stresses due to drag loads of the
coolant, vibratory loads due to moving coolant and
the thermal stresses due to the thermal gradients,

3) have proper high temperature chemical stability
(corrosion and compatibillity characteristics),

4) have high thermal conductivity to minimize internal
thermal gradlents,

5) have abllity to withstand radiation damage,
6) have ability to contain fisslon products,
7) be fabricaeble on a large scale basis.

It 1s all these requirements of a fuel element which make material
selection an extremely difficult assignment.

The complexities involved in the fabrication of clad dispersion
type fuel elements are not to be overlooked. The series of steps
followed in the fabrication of the concentric ring fuel element
design of the Alrcraft Nuclear Propulsion Program is shown sche-
matically in Figure 6. A close-up view of the fuel element 1s
shown in Figure 7 and a completely assembled cartridge contalning
18 fuel stages is shown in Figure 8

A similar illustration of the fabrication process for coated
ceramic Be0O fuel tubes 1s glven in Figure 9. Fuel tubes at various
stages of the manufacturing process are shown in Figure 10.

5.0 MODERATORS AND REFLECTORS

Neutrons produced in the flssion process by ejection from an
atomlc nucleus have very high energies of the order of 1 to 10
million eiectron volts Mev%. In terms of velocity the 10 million
electron volts corresponds to about one-tenth that of light. Such
high energy, fast moving neutrons (hence the name 'Fast W neutrons)
have a small probability of being captured by a fuel atom and in
many reactors it becomes necessary to slow these neutrons down,
i.e., decrease their energy, itoc promote more rapid and more fre-
quent capture of the neutrons by the fuel atoms. This then leads
to rapid propagation of the fisslon reaction and the generatlon
of high power densitles (in fast reactors based on the use of
fast neutrons no such moderation is necessary but this type of
reactor, at present, is less common).
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Fig. 6 - Fabrication procedure for
fuel elements.

nichrome-UOQOg dispersion type




Fig. T - Concentric ring fuel element.

Fig. 8 - Complete fuel element cartridge.
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Fig. 9 - Flow diagram for production of ceramic fuel elements.
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The slowing down process 1s effected by the moderator and it
does this by a scattering process (frequent collision of the
neutrons with the atomws cf the moderator}. The light elements
(those of low atomic weight) are the best moderators because on
the average they cause the loss of the maximum amount of energy
at each collision. As far as energy loss per collision is con-
cerned, the lighter the element the better the moderator. The
neutrons whcse energy has been reduced below 1 ev are called
"slow" neutrcns and those below 0.025 ev which are in thermal
equillbrium with the surroundings are called thermal neutrons
(thermal neutrons at room temperature and having sn energy of
0.025 ev have an average veloclty of about &a## times the speed
of light or about 7,000 ft/sec.). 7 410-¢

Since the function of g moderator is to slow a neutron down
by a series of successive collislons, a good moderator should
absorb very few neutrons. Thus in addition to being a light atom
and causing high energy loss per collision with a neutron the
material must also have what we call a low neutron capture cross-
section. It is thils second requirement which precludes the use
of the light elements (natural occurring) lithium and boron as
moderator materials.

The collision aspect of moderation also suggests a high
density or population of the moderating atoms and this defines
another important property of these materisls.

A preliminary anslysis of potential mcderator materials can
be made in terms of Table 3.

The nuclear considerations of moderators, while of extreme
lmportance, are not the only factors influencing this materials
selectlon. For example, the collision processes referred to
above create an lmportant thermal problem. The energy lost by
the hlgh energy neutrons during collision is retained by the
moderator and while thls Internal power gensration is orders of
magnltudes less than that generated in the fuel 1t must never-
theless be glven adeqguate sttentlon in design considerations.
Stated simply the heat transfer characteristics of this com-
ponent must be fully evaluasted and hence the material require-
ments of the moderator material must be expanded to include
these thermsl characterlstics. These along with structural and
fabricabllity considerations enable us to list the impcrtant
characteristics for moderator material as:

1) low atomic number
2) low neutron absorption cross-sections

3) high density of the moderating elsment
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TAERLE 4

| SOME TYPICAL REFLECTOR MATERIALS

Be
Typical H-0
Thermal
‘ I Reactor C
i Reflectors
‘ BeO
D>0
AlgOa
2r0s
II Typical 238
Fast
Reactor Ni
Reflectors
Cu

Stalnless Steel

Combinations of the I and II above can be used
for thermal or epithermsl reactor applications.
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4) required temperature stability (melting point,
vapor pressure, etc.)

5) required radiation stability
6) high thermal conductivity
7) adequate mechanical strength

8) adequate chemical stablility or capable of being
clad to obteln chemlcal inertness with respect
to the environment

9) good fabricabllity

The function of a reflector 1s to scatter back or reflect as
many neutrons as possible back into the active or flsslonlng por-
tion of the reactor. Based on this function the nuclear require-
ments of the reflector are essentlially the same as those of the
moderator. It must have good scattering characterlstics for
reflection of the neutrons, and 1t must have a small cross-section
for neutron capture. In fast reactors where neutron capture 1s
of less concern, the major consideration then becomes the scattering
cross-sections, and in this case high atomic number materials such
as tungsten, molybdenum and even depleted uranium become lmportant.

A list of some typlcal reflector materials is presented in
Table 4.

An interesting sidelight is worthy of mention at thls polint for
it emphasizes the type of significant technlcal accomplishment which
is prompted by the newly created demands of high performance nuclear
reactors. One of the most significant metallurglcal achievements
of the GE-ANPD direct-cycle program was the development of high
temperature hydrogenous moderator materials. The slze and welght
of a thermal reactor can be decreased by using the moderator with
the greatest slowing down power. Of all the nuclldes, hydrogen,
because its mass 1is about equal to that of the neutron, reduces
neutrons from fission energy to thermal energles most rapldly.

Thus, 1f the desirable festures of small size and hlgh power
density are to be achleved, the use of a hydrogenous moderator with
a relatively high hydrogen density is 1ndioaggd. Analytical studles
have shown that a hydrogen density of 4 x 10<< atoms per cubic
centimeter or greater (Ng = 4*) 1s necessary if the unique nuclear
properties of hydrogen in the moderator are to be fully utilized.

*Ny = number of hydrogsn atoms per cubic centimeter of hydride
X 10-22, This quantity can be calculated from the following
expression:

Ny = (eMHx) (Wt % Hp in MHg) (N) 5 1922,

where M is the metal, pMHy; is the density of the hydride MHx
at TOOF, N is Avogadro's number, and A is the gram atomic
veight of hydrogen.
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In considering all the potential hydrides and hydroxides for
use in a direct-cycle reactor, only zirconium and yttrium hydrides
appeared attractive from a nuclear, metallurgical, and mechanical
standpoint. These elements, as interstitial type of hydrides, are
metallic in behavior and form.

zirconium hydride was studled extensively because of the low
cross-section of zirconium and the high theoretical Ny of the
stoichiometric compound ZrHp. Massive forms of reactor-grade
zirconium were hydrided at 1400° to 1700CF, with the resulting
body remaining intact and with Ny varying from 4.0 to 6.6, depending
on the temperature and pressure under which it was hydrided. The
hydrided material was found to have a metalllic character and a
thermal conductivity equivalent to those of the parent metal.

The improved heat conductivity of the massive hydrided bodles,
compared with that of hydrided bodies prepared by powder metallurgy,
greatly alleviated the problem of removing moderator heat and per-
mitted serious consideration of this type of material as a moderator
in many reactor designs. Utllizing these techniques, hydrided zir-
conium was transplanted from a laborstory development to manufac-
turing production i1n the period 1957 to 1959. During thls transi-
tion, cold- and hot-extrusion fabrication techniques were developed
for zirconium which produced hollow hexagonal shapes 4.5 inches
across the flats, 36 inches long, and 0.50 to 0.75 inch in wall
thickness. Many hundreds of these shapes were extruded, hydrilded,
assembled, and tested in Heat Transfer Reactor Experiment No. 3
(HTRE No. 3). Studies on metallic bonded cladding to hollow hexa-
gons were conducted but this technique was later abandoned.
Advanced manufacturing studies on extrusion of zirconium materials
also produced multiholed internally cooled biflute shapes and tri-
flute shspes.

Recent laboratory development work on zirconium hydride tech-
nology demcnstrated that with the use of certain grain-growth
inhibitcrs it is possible to make sound massive zirconium hydride
bodies to Ny = 6.0 and in some cases to Ny = 6.6 to 6.7. If
gasified ang at the same temperature and at 1 atmosphere of
pressure, the hydrogen contained in 1 cublc centlmeter of zir-
conium hydride ?with N = 6.6) at 14000F would occupy 4.7 liters
(a volume differential of 4700 to 1).

In an attempt to extend the operating temperatures of metallic
hydrogenous moderstors, 1t was determined that yttrium could be
hydrided in massive form, in the same manner as zirconium, and
that the thermal conductivity of yttrium hydride was considerably
greater than the thermal conductivity of the parent metal. In
1956 the world's supply of yttrium was measured in grams, while
the GE-ANPD requirements for a reactor would be in thousands of
pounds. Consequently, a large-scale rgre-earth-cxide chemical
separation program was initiated in co-operation with the AEC.

The basic prcblem was to obtaln yttrium oxide of high purity,
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particularly free of other rare-earth oxides (Gd, Sm, Eu, etc.),
with high neutron sbsorptlion cross-sections. Through the com-
bined efforts of Iowa State University, Dow Chemical Company,
Michigan Chemical, the Atomic Energy Commission and GE-ANPD, a
chemical separation process was developed to the extent that
yttrium metal or oxide is commerclally avallable today in thou-
sand-pound quantities. :

Exploratory work conducted on hydrided yttrium indicated clearly
the superlor high temperature hydrogen-retention properties of
yttrium over all other materials tested. Zirconium showed a marked
decrease in its hydrogen-retention properties above 16C0OF, but
yttrium showed a remarkable ability to retaln hydrogen even when
liquefied at 24000F. At 2200°F the hydrogen-retention property of
yttrium is nearly as great as that of zirconium at 1600°F. For a
nuclear power plant in which the moderator temperatures will exceed
16009F and reach 2000CF or higher, yttrium has a marked advantage
over zirconium. Hydrided yttrium proved to be extremely brittle
-and therefore extremely sensitive to thermal stress and thermal
gradients. Metallurglical resolution of this problem was attalned
by cladding the hydrided materiasl with Fe-Cr-Al alloys and by
alloying yttrium with zirconium and chromium. The hydrogen-retention
properties of yttrium, Y-Zr, and Y-Cr alloys are compared in Figure
11 as a function of temperature. The advantage of obtalning the
highest yttrium concentration 1s obvious.

A hexagonal shaped moderstor for use in an ANP reactor assembly
is shown in Figure 12. In assembly the full length fuel cartridge
shown on a previous figure would be positioned wilthin the center
hole of this moderstor section. This construction glves an excel-
lent 1llustration of the heterogeneous reactor concept referred
to above.

4.0 CONTROL ELEMENTS

Control elements serve to Influence nuclear reactivity by the
capture of neutrons and the farther the control element is lnserted
into the reactor core the more absorption occurs and the greater
the decrease 1ln reactivity. These materials, therefore, are
called "nucleasr poisons" and are characterized by their high
cross~gsections for neutron capture. One of the first materials
to be used for reactor control was cadmium; but it has a very
low temperasture limitation, and for high temperature operation
it can not be considered. Instead materials such as boron,
hafnium, eurcpium, gadolinium, dysprosium and samarium are of
importance. These materials in elemental or compound form can
provide the increased operating temperatures required in high
power density reactors. For example, the four rare-earth oxides,
europium oxide, gadolinium oxide, dysprosium oxide, and samarium
oxlde, are chemically stable in an oxidizing atmosphere to tempera-
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Fig. 11 - Isobars for hydrided yttrium and two yttrium alloys at -
760 mm Hg.




Fig. 12 - Hydrided zirconium moderator.
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tures of 1700°C and above. Long term tests at 16502 to 17500C o
in a hydrogen atmosphere, at GE-NMPO, have shown that unclad

europium and samsrium oxides and refractory metal cermets con-

taining these oxides must be clad to avold reduction of the rare-

earth oxides and subsequent loss due primarily to evgporation of

the suboxide or metal. The rare-earth oxide cermets contalning

tungsten, rhenium, tantalum, and molybdenum show virtuallg ne
loss of the rare-earth oxide after hundreds of hocurs at 16500C
when clad with the molybdenum-50 rhenium alloy. Currently
tungsten-25 rhenium alloy claddling is belng developed, and 1t is
expected that this will allow for even higher temperature opera-
tion.

It might be cbvious that there 1s some similarity between
control elements and fuel elements particularly in regard to matrix
and cladding. For example, in the case of the rare-egrth oxides
a metal mgtrix is employed to increase the thermal conductivity
of the contrcl materiasl, and it 1s clad to provide corrosion resis-
tance and structural strength although the strength contribution
made by empleying the refractory metals as matrix materials is
not to be overlooked. In view of the above and where applicable,
material selection procedures for matrix and cladding material
must be adopted, and in general these will closely follow those
established for matrix and cladding of the fuel elements except,
of course, that in the contrcl element case the nuclear character-
istics are completely different.

A list of some of the posslble control element absorber
materigls is shown in Table 5.

Important factors governing the selection of control element
materials are azs follows:

1) high neutron capture cross-sectiocn

2) abllity to opsrate in a high neutron flux for a
long pericd of time without losing neutron cap-
ture effectiveness owing to the burnup of the
absorbing isctopes

3) resistance to radlation damage effects (volume
change, loss of corrosion resistance, loss cf
mechanlcal properties, etc.)

4) good mechanical strength

5) good thermal conductivity

6) gcod corrosion resistance

7) ease of fabrication
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In the case of fast reactors, control is usually provided by
veriation of the positions of the neutron reflector. This merely .
varies the mumber of neutrons vwhich are scattered bsck into the

core. 1ncreased leakage obviously drives the reactor toward a

subcritical state. In thilis case the material selection procedures

follow those glven for reflisctor materials.

5.0 BHIELDS

In the design of a nuclear reactor and its associated equip-
ment, provision must be made for the attenuation of escaping
nuclear radiations by some form of shielding. Net only is such
shielding necessary for the prctection of perscnnel, but a
relatively high radiation background will interfere with satls-
factory functioning of instruments used in various aspects of
reactor operations snd contrel. For mobile or space applications,
the weight of the shield is of overriding impertance.

The radiations which might escape from a reactor system lnclude
alpha and beta particles, gamma rays, neutrons of varlous energles,
fission fragments and even protons resulting from the (n,p) reactions.
As far as shield nuclear design 1s concerned, nowever, only gamma
rays and neutrons need be considered since these are by far the
most penetrating. Any materlal which attenuates these radiations ‘
to a sufficient extent will sutomatically reduce all the others to
negligible proportions. Thus, the problem of shlelding a reactor
involves three aspects: 1) slowlng down the fast neutrons,

22; capturing the slowed-down, or initlslly slow, neutrons, and
3) sbsorbing =ll forms of gamma rediation.

For slowing down fast neutrons, the elements cf low mass num-
ber are the best materials, and these have been previously presented
in Section 3.0 on moderators. The situation can be greatly lmproved
by introducing an element (or elements) of falrly high mass number
as they are able to reduce the energy of very fast neutrons by
inelastic collisions.

The next aspect of resctor shilelding to ccnslder is that of
cepturing the slowed-down neutrons. This 1s a relatively simple
matter as the probabllity of further slowing down and subsequent
capture 1ls large even though the shield does not contaln an element
of falrly large cross-sectlon for the capture of slow neutrons.

It should be noted that it is important that the capture of the
neutron should not result In high energy gamma radiation.

The third and final sspect of the shielding problem 1s the
absorption of the various gamma rays, both primsry and secondary.
The energy of these gumma rays is significant, and they are most
effectlvely absorbed by materiel of high density. It 1s evident, .
therefore, that the shield constituent which serves ss the inelastic
scatterer of neutrcns will also serve as the absorber of gamma
radiation.
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From the above considerations it 1s obvious that all materials
can function as & shield material to a certain extent. Some of
the common shield materials are listed in Table € which was also
presented as Table 1 of Lecture 5 and 6, "Shield Physics". 1In this
table the density and relaxation lengths for fast neutrons and gamma
rays are glven and clearly show the influence of density on the
absorption of gamma rays. It is also apparent that combinations
of elements are probably needed for compact reactors for space
applications in which welght 1is of primary importance. Shield
materials for compact reactors may contain high concentrations of
hydrogen, lithium, beryllium, and boron atoms which serve as good
neutron scatterers. Yttrium hydride has the highest hydrogen reten-
tion at elevated temperatures of any usable hydrogenous material
known., The material has a room temperature hydrogen density com-
parable toc water at room temperature (0.85/1) and is comparatively
stable to temperatures of about 1200°-1300°C. Yttrium hydride has
a further advantage 1n that the high atomic weight of yttrium con-
tributes to gamma attenuation. For higher temperature application,
beryllium oxide and tungsten and/or tantalum may be considered for
neutron-gamms shields.

Another factor that 1s significant in selectlion of shield
materials is related to temperature and environment surrounding
the shield. Absorption of radiation releases heat in the shield
and necessitates cooling and/or cladding. The cladding may serve
two functions; one, the protection of the shield material, and
two, to retaln the components that comprise the shield. The prob-
lems are somewhat akin to the problems faced in fuel element and
moderator development in that structural and compositional integrity
need to be retalned. To 1llustrate the diversity of slze, shape,
and method of fabrlicatlon that may be employed in shield produc-
tlon, see Pigures 13, 14 and 15.

6.0 STRUCTURE

The two principal structural components of a reactor are the
external pressure shell and the internal core-support structure.
The pressure shell may be thermally insulated from the hot core
and radlation, in which case the problems encountered 1n selecting
structural materials are similar to those found in selecting
materials for a heat exchanger operating at the same temperature,
pressure, and heat transfer rate. However, if the pressure shell
1s to contribute to the shielding, energy is deposited directly
in the shell by neutron and gamms absorptlion, causing internsal
heating and thermal stresses, and a shell coollng system may then
be requlred. Obviously, the shell material strength - density
ratio should be as high as possible to permit minimum-welght
pressure shells.
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TAELE 6

RELAXATION LENGTHS* FOR FAST NEUTRONS AND GAMMA RAYS

Density, Relaxation Length, cm
Material g/cm3 Fast Neutrons Gamma Rays
Lithium Hydride 0.73 7.8 41
Water 1.0 10 30
Graphite 1.6 9 19
Beryllium 1.8 7.5 18
Beryllium Oxide 2.3 7.5 14
Concrete 2.3 11 15
Barytes Concrete 3.5 8 10
Iron 7.8 6 3.7
Lead 11.3 9 2.5
Uranium 18.7 5.6 1.4
~Tungsten 19.4 5.7 1.5

*
Based in part on the high energy ra

reactor core.

diation leaving a large
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1 INCH

Fig. 13 - Hot-pressed beryllia and zirconium boride block

A 12- BY 18- BY 20-INCH PIECE OF PERFORATED
STAINLESS STEEL HONEYCOMB (0.001-INCH FOIL

€ WITH 1-INCH SQUARE CELLS PERFORATED BY A
1/2-INCH HOLE)

Fig. 14 - Block of cold pressed lithium hydride and metal matrix
which may be incorporated in the lithium hydride to im-

prove the strength and thermal shock resistance.
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1500°F

1300°F

1100°F

Fig. 15 - 90W-6Ni-4Cu alloy prepared by powder metallurgy
technique after 100 hour oxidation test at various
temperatures.
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The internsl core-support presents the added problems of
exposure to high coolant temperature and nuclear radiation. In
thermal resctors the conservation of neutrons has been of over-
riding lmportance and has resulted in primary considerations of
low cross-section materials, aluminum, magnesium, and zirconium.

As the operating tempersture increases, the corroslon and
strength become lncreasingly severe, and higher cross-section
materials, such as stalnless steel, nickel-base alloys, niobium,
and molybdenum, may be considered at the cost of fuel addition.

In fast reactors, while the absorptlon cross-section is not
a major problem, the core 1s usuglly small and the power density
high; so heat transfer characteristics, thermal stresses, and
thermal shock resistance are of primary luportance.

The selection of a structural materlal is usually based on a
compromise to obtaln the best combination of nuclear, physical
and mechanical properties, corrosion reslstance, stability, and
fabricability.

The following comments should serve to 1llustrate some of
the physical, mechanical, and nuclear properties applicable to
some of the structural materials.

Magnesium - Well established technology - good strength to
velg ratlo - low thermal neutron absorption cross-section -
corrosion resistance and low melting point preclude use at
elevated temperature.

Mol%bdenum - Refractory metal - excellent strength with gcod
ductITIty above 10000C - thermal neutron absorpticn low in com-
parison to other refractory metals - oxldizes readily at tempera-
tures sbove 500°C - easily fabricated.

Nickel - Tough - moderately strong - good corrosicn reslis-
tance - oxidation resistant to 1000°C - neutron absorption higher
than austenitlc stainless steels.

Tantalum - High neutron absorption cross-sectlion - extremely
refractory - high affinity for oxygen and nitrogen gases at
elevated temperatures and for hydrogen at low and intermediate
temperatures - fabrication and machinebllity excellent - high
cost.

Titanium - Good combinaticn of mechanical strength and
corrosion resistance - stable against oxidation up to 700°C -
extremely ductile - easily fabricated - neutron absorption
higher than stainless steels.

Tu§%steq ~ dame as for tantalum except that fabrication is
more cult and compatiblility with hydrogen is excellent.
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7irconium - Good corrosion propertles, comparable to titanium -
loweT neutron absorption crcss~section than titanium -~ oxidation ‘
resistance poor above 300°CC.

Aluminum - Well established technology - excellsnt formabllity -
large supply - low cost - good nuclear properties - excellent heat
transfer - corrosion resistance and strength good at low tempera-
tures - low melting pceint and strength limit its usefulness to low
temperatures.

7.0 REACTOR COOILANTS

In many cases the selection of the reactor cooclant 1s just as
involved as the selection of materials of construction for the
various reactor components. In these cases nuclear heet transfer
and fluid dynamic considerations usually prevail In thils selection;
although, obviously such factors as avallabllity, cost, corrosive-
ness, and ease of handling are also important. It is also possible
to identify certain instances wherein the coolant is specified,
and no flexibillity whatsoever 1s gllowed in coolant selectlon.

For instance, in the direct-cycle reactor for aircraft propulsion,
air cooling 1s impcsed and must be accepted. Similarly, in a
reactor for nuclear rccket application, thrust-to-welght considera-
tions, in terms of specific impulse, dictate the use oI hydrogen;
and although some compromise may be made in this Instance, the
spectrum of potentlal coolants 1s drastically narrcwed.

Whether the coolant 1s selected or imposed, it determlnes the
operating environment for many, and in some cases all, of the
reactor components. For thls reason all material selectlon proce-
dures must await coclant identification, for as mentloned prevliously,
mgterials which might perform psrfectly in one environment might
be totally inadequate in another. In addition to the primary
considerations of corrosiveness of the atmosphere with respect to
specific materials, an item of equal lmportance concerns the effect
of atmosphere on materilal properties. This latter subject has
received only limited attention; but as higher end higher reactor
operaeting temperatures are pursued and required, 1t beccues one of
our major conslderations.

8.0 PROPERTY MEASUREMENTS

Based on the foregoing discussicn it has been seen that the
selection of materials for use in reactor components 1s determined
in large measure by the degree to which these materials are
possessed of certain properties. It alsc should be recognized ‘
by now that the different components have different property




35

requirements but that 1n each case we can specify the exact nature
of the desired characterlstics. We should quickly acknowledge at
this time though that whlle vwriting the property specifications
may be a fairly simple task we should not interpret this as an
admission that numerical values for all these propertles are availl-
able. Indeed property measurement represents one of the many
important phases of materlals technology, and it is well to point
out that at this moment the property messurements necessary to the
accurate assessment of the true potential of the highest melting
point materials for reactor application are the subject of many
research programs in numerous laboratories throughout the country.

Some appreclation of the magnitude of the property measurement
program may be galned by a brief reference to a list of the specific
properties usually required in a materials evaluation program. Such
a list is shown below. Novw a knowledge of all these propertles 1s
not necessary to the deslgn of every reactcr, but this listing
will serve to 1lndicate the scope of lnterest for s materials
engineer engaged in the evaluation of materials for nuclear reactor
operation.

Tenslile Properties -~ The tensile properties are obtained from a
test In which The specimen 1ls loaded in tension until rupture occurs.
During this test the loads and corresponding strain (elongation)
are recorded to yleld a stress-straln curve. A typlcal stress-
straln curve 1s shown below.

Tensile strength
Proportional limit

Plagtic Deformation Fracture
I\yield strenzth '

l Total '
Elongation =—i

o~ [-] | |

L STRAIN
Yield strength

extension (usually 0.2%)

STRESS —

Il Elastic beLavior

/
}

From such a test the following tensile properties can be obtained:
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a) Modulus of Elasticity - The modulus of elasticity is the
slope of the linear portion of the curve and is obtalned by dividing
the strain Increment into the stress increment.

b) Proportional Limit - The proportional limlt represents the
departure from The straight llne relationship.

c) Yield Strength - Of much greater practical importance is
the yileld strength, which 1s defined as the stress at which some
predetermined amount of permanent strain occurs, usually 0.2%.

d) Tenslle Strength - The tensile strength ls the maximum stress
that the materlal sustains 1n the tenslle test. The deformation up
to this maximum stress is essentlially uniform. Beyond the point of
maximum load, continued pulling of the specimen results in local
deformation until fracture occurs.

e) Polsson's Ratio - The ratio of the transverse contraction to
the longltudinal elongation of a speclmen stralned below the elastic
1imit; essentlally a statement of constancy of volume during deforma-
tlon.

r

—_— Q0

e e comae s w— —— G — — —

g
.g t = Rupture time
< C = Total elongation
K
6]
(]
Time ————tm
0B is the instantaneous elongation on application of
load.
BD is the first stage of creep, deformation is rapid,
decreasing to a steady rate as a function of time.
DE is the time during which creep continues at a

steady rate; this is the second stage of creep.

EF, the third stage, is a period of accelerating
deformation with time until rupture occurs.
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) Stress-Rupture - Stress-rupture is the time necessary to
fracture under a certain stress. This property is normally deter-
mined where large deformations are permissible, the limiting feature
being fracture.

g) Fatigue Properties - The fatigue test is used to study the
resistance ol metals to railure under conditions of many cycles of
reversed stressing. The number of cycles necessary for fallure is
recorded at various stress levels.

h) Reduction in Aree and Elongation - A measurement of the
reduction In area and elongation (after fracture) are a measure of
ductility.

i) Compression Properties - Compression tests are the opposite
of tension tests, and properties can be obtained which are similar
to those in tensions modulus of elasticity, prcportional limit,
yleld strength, etec.

j) Hardness - Hardness 1s a measure of the resistance of a
materigl To Indentation by an indenter cf fixed peometry under a
static load. A useful relationship exists between hardness and
tensile strengtnih for a number of metals, and thus hardness testing
may serve as an excellent tool for inspection and control work.

k) Creep - Creep 1s a term applied to the gradual plastic
deformation of a metal, usually at elevated temperatures, when it
ls subjected .to a relatively low stress. Creep of metals occurs
in three stages as indicated above. However a creep test need
not be ¢ontinled beyond the second stage, since the purpose of
the creep test is to determine creep rate.

1) Fatigue Strength - is the maximum stress which the material
wlll withstand without Tallure during a specifiled number of cycles
of stress.

m) Endurance Iimlt - i3 the stress below which no failure is
expected In a mlTIIon Cycles or more.

n) Thermal Expansion - Different materials expand different
amounts when heated and contract in the same way when cooled.
Solid objects expand a certaln fraction of thelr length for each
degree rise in temperature. Thus each material has a coefficlent
of linear expansion which glves the fractionasl change In length
Ior each degree change in temperature.

o) Thermal Conductivity - All substances do not transfer heat
by conduction at the same rate. The amount of heat which can be
conducted from one place to ancther in a given time is measured by
conductivity. It is the time rate of transfer of heat by conduc-
tion, through unlt thickness, acrogs unit ares for unit difference
of temperature.
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p) Density - Mass per unit volume of material; usually
expressed as grams per cubic centimeter or pounds per cubic

foot. .

q) Melting Point - Tempsrature required to cause solid to
liquid phase transformation.

r) Vapor Pressure - Equilibrium pressure exerted by the
material at a given tempersture.

s) Heat Capacity - Amount of heat reguired to raise the
temperature of a unit mass of material by one degree; usually
expressed as BTU/pound-OF or caloriss/gram-°C.

t) Compatibility - Refers to the ability of materials to
be in contact wlthout interacting.

u) Chemical Stability - Refers to all phases of chemical
behavlor and may even Include chemical compatibility covering
reslstance to attack by other materials or environments and
resistance to dissoclation on heating.

v) Fabricability - Refsrs to the ability of a material to
be rolled, formed, machined, drilled, molded or otherwise formed
into desired geometry.

W) Radiaticn Damage - Extent to which material nature is
altered upon exposure O nuclear radiaticn; includes changes in
physical dimensions and all property values. .

x) Fission Product Retention - Ability to retain within
the material structure the fisslon products produced in the
nuclear fission process.

y) Thermal Stress Resistance - Ability to resist without
fracture the stressss” Induced by operating temperature gradilents;
pertins to steady state temperature gradients as well as transient
gradients during temperature cycling.

z) Modulus of Rupture - Nominal stress at fracture in a bend
test or Torsicn test; In bending the modulus of rupture is the
bending moment at fracture divided by the section wmedulus.

aa) Nuclear Cross-3ection - Defines the preobabillity of the
reaction of the malterlal wifn a certain type of radiation
(nsutron or gamma ray); includes capture, clastic and inelastic
scattering, transport, activation and resonance, etc.

bb) General Nuclear Characteristics - Refers to number of
isotopes formed, hall-TITe of these isotopes, decay scheme of
radloactive isotopes, beta and gamma energy releassd 1ln decay
process, etc.
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As a further gulde to one who may be required to become more
familiar with reactor materials, the following references should
be reviewed.

Reacter Handbook, Second Edition
Volume 1, Materials
Interscience Publishers

1962

Principles of Nuclear Reactor Engineering
Glasstone

Van Nostrand

1955

Nuclear Rocket Propulsion
Bussard and Delauer

McGraw Hill Book Compeny, Inc.
1958

Neutron Absorber Materisls For Reactor Control
W. K. Anderson and J. S. Theilucker

U.S. Atomic Energy Commission

Naval Reactors, Division of Reactor Development
Wa.zhington , Superintendent of Documents

1962

Metals Handbook, 8th Edition
Volume 1, Properties and Selection of Materials
American Soclety of Metals

High Temperature Materials
R. F. Hehlman and G. M. Ault
John Wiley & Sons, New York
1960

Reactor Shielding Design Manual

T. R. Rockwell

TID-T004, U.S. Government Printing Office, Washington, D.C.
March 1956

Reactor Materials Properties, S.J.Paprocki and
R.F.Dickerson, Nucleonics, Vol.18, No.ll, November, 1960

Aerospace Engineering, January 1963, High Temperature
Issue, Vol.22., No.l,
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APPENDIX B

Glossary of Nuclear Terms

Absorber - A materisl which has a high affinity for neutrons, absorbing them
without fission. (See "Ccntrol Rod" and "Shielding".)

Alpha ray - (alpha particle) A positively-charged particle consisting of two
neutrons and two protoens.

Atomic mass - Generally the mass of an atom in atomic mass units, based on the
mass of an oxygen atom which is valued at 16. Atomic mass is approximately
equal to the total of protons and neutrons in the nucleus of an atom.

Atomic number - The number of protons (positive charges) in the nucleus of an
element, each element having a characterigtic number.

=24 2 .
Barn - A unit area (10 em ) for describing nuclear cross sections.

Beta ray - Negatively - or positively-charged electrons emitted by certain
radioactive materials.

Burn uﬁ - (% depletion) The pergentage of a fissionable material used as fuel
which is destroyed by fission or capture, compared to the original quantity
of that fissionable materisl present.

Capture cross-section, neutron - A number applied to a nucleus describing its
relative affinity for absorbing neutrons without fissioning. The higher
the cross-section, the greater the affinity for neutrons.

Chain reacticn - In nuclear physics, this term refers to the fission of an atom
which causes fission of other nuclei which, in turn, cause more fission, et .

Cladding - This term refers to a thin layer, usually of metallic material, which
covers a solid fuel element in a reactor to prevent corrosion in the presence
of the coolant, and to prevent escape of fission products. Sometimes called
coating.

Closed cycle -~ A method of operation which utilizes a material repeatedly, such
as in the cooling system of a nuclear reactor, in which the coolant is
repeatedly cycled through the reactor core, the heat exchangers, and back
to the reactor core, without removal from the system.

Control rod - A rod made of or containing materials of high capture cross section
(usually boron or cadmium) which controls the neutron flux in a reactor.
Movements of the control rods in the reactor core change the reactivity of
a reactor and can make a reactor subecritical, critical, or supercritical.

Coolant = A liquid or gas for céolingireactor parts, particularly the fuel; the
medium by which the heat generated within s reactor is drawn from the
reactor.

Core = Refers usually to the fuel assembly or fuel-moderator assembly in a nuclear
reactor; the section of a reactor contvaining the fissionable material.
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Critical - The state of a reactor when a self-sustaining chain reaction has just
been achieved (the zero-power state).

Critical experiment -~ The study of the neutron behavior in a reactor assembly to
determine critical mass, control rod effectiveness, etc. The studies are
made at and below criticality (see "Critical").

Critical mass - The minimum mass of fissiornable material in a nuclear reactor
necessary to achieve a self-sustaining chain reaction.

Deuterium -~ An isotope of hydrogen, with a nucleus of one neutron and one proton;
known as ‘heavy hydrogen'.,

Eiastic cocllision - Collision of particles with no loss of kinetic energy, result-
ing in a mutual deflection _of the particles.

Elastic scattering - Scattering;of particles by elastic collision, 1.e., without
any loss of kinetic energy.

Electron ~ A negatively-charged, subatomic particle of mass equal to 9.107 x 10-28
gms. The outer shell of an atom comprises electrons spinning about the
atomic nucleus.

Enriched material - Nuclear fuel contdining more than normal content of a radio-
active isotope. Usually refers to uranium containing more than the 0.7%
of U235 isotope present in natural uranium.

Fast neutrons - Neutrons resulting from fission that have lost relatively little
of their energy; energies exceeding approximately 0.1 Mev.

Fission fragments - The nuclei of lighter elements resulting from the fission of
a heavier element.

Fission poiscons - Fission fragments which absorb neutrons unproductively;
especially used for those having high absorption cross-sections.

Fission products = This term refers to the isotopes of elements, usually radio-
sctive, ranging in atomic number between approximately 3k to 58, resulting
from the fission of a heavy element such as uranium or plutonium.

Fuel - Fissionable material used in nuclear reactors for the production of energy.
Fuel element - Nuclear fuel in a particuler shape or configuration, usually clad
to protect the active portion from corrosion, and to prevent fission product

escape.

Gamma ray - A short-wave radiation emitted by some radiocactive atoms; energles
usually ranging between 10 Kev and 10 Mev.

Half-life - The length of time required for the radiocactivity of a substance to
decrease to half of its original activity.

Heavy water - Water in which the ordinary hydrogen is replaced by its heavy
isotope, deuterium; used as a moderating material.
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Inelastic collision - Collision of particles in which there is net kinetic
energy change due to internal energy changes.

Inelastic scattering - Dispersion of particles in various directions (scattering)
caused by inelastic collision.

Intermediate neutrons - Kinetic energies greater than that of thermal neutrons
but less than that of fast neutrons, i.e., energies of approximately 1 to
107 ev.

Irradiation - The exposure to radiation.

Moderator - A material of low atomlic mass and low capture cross section, used
for slowing down (moderating) the speed of neutrons (by collisions).

Neutron = An elementary particle with mass number 1, but having no electrical
charge.

Nuclear reactor - Essentially an arrangement of fissionable material, coolant,
moderator, and shield, designed for maintaining a nuclear chain reaction.

Open cycle - A method of operation which utilizes a material only once, such as
in the cooling system of a nuclear reactor in which the coolant passes
through the core of the reactor only once and is then discarded.

Poison = Any material which absorbs neﬁtrons unproductively; especially those
having high absorption cross-sections.

Proton - An elementary, positively charged particle of mass number 1.

Radiation damege - Deleterious changes in the structure and physical properties
of materials resulting from.nuclear radiation.

Reflector - A maeterial surrounding the core of & nuclear reactor, and designed
to reflect neutrons, that otherwise would escape, back into the core.

Safety rod - A special control rod c¢f a nuclear reactor used to stop the chain
reaction rapidly in case of emergency.

Shield -~ A mass of dense radiation-absorbing material surrounding the core of a
reactor, msking approach to the reactor relatively safe.

Shim rod - A control rod used for start-up and shut-down of a reactor, and
controlling large amounts of reactivity.

Slow neutrons - (thermal neutrons) Neutrons which have lost most of their fission
energy because of impact with atoms in water or other moderators, and have
energies below about 1 ev.,

Thermal cross-section - The capture cross-section of a nucleus of thermal or
slow neutrons.

Thermal neutrons - (slow neutrons) - Neutrons having kinetic energies of
about 0.025 ev,
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neutrons and
The

Thermal shield -~ An inner shield designed to absorb escaping thermal
us to prevent undue heating of the outer shield.
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